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Background: The subtilisin-like SUB1 is involved in Plasmodium egress from erythrocytes.

Results: Using conditional mutagenesis, we show that SUB1 plays an essential role during Plasmodium hepatic stages.
Conclusion: SUB1 has a dual pivotal role in parasite egress from host hepatocytes and erythrocytes.

Significance: Its critical involvement in hepatic and erythrocytic parasite development qualifies SUB1 as a multistage drug

target.

In their mammalian host, Plasmodium parasites have two
obligatory intracellular development phases, first in hepato-
cytes and subsequently in erythrocytes. Both involve an orches-
trated process of invasion into and egress from host cells. The
Plasmodium SUBLI protease plays a dual role at the blood stage
by enabling egress of the progeny merozoites from the infected
erythrocyte and priming merozoites for subsequent erythrocyte
invasion. Here, using conditional mutagenesis in P. berghei, we
show that SUB1 plays an essential role at the hepatic stage.
Stage-specific sub1 invalidation during prehepatocytic develop-
ment showed that SUB1-deficient parasites failed to rupture the
parasitophorous vacuole membrane and to egress from hepato-
cytes. Furthermore, mechanically released parasites were not
adequately primed and failed to establish a blood stage infection
in vivo. The critical involvement of SUB1 in both pre-erythro-
cytic and erythrocytic developmental phases qualifies SUB1 as
an attractive multistage target for prophylactic and therapeutic
anti-Plasmodium intervention strategies.

Malaria is a widespread parasitic disease caused by the Plas-
modium parasite. In 2011, ~600,000 deaths due to malaria were
reported by the World Health Organization, whereas half of the
world’s population is exposed to the parasites (1). Parasite
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resistance to multiple antimalarials is increasing, and resistance
of Plasmodium falciparum to artemisinin derivatives has
already been described (2-5). This strengthens the urgent need
for new chemotherapeutic approaches targeting vital parasite
processes.

Plasmodium is an obligate intracellular protozoan of the
Apicomplexa phylum. Infection starts when the parasite form
called sporozoite is injected into the skin of the host during the
Anopheles mosquito bite. Sporozoites rapidly reach the liver
and invade hepatocytes, into which they multiply and differen-
tiate into erythrocyte-infecting parasite forms, called merozo-
ites. Once released into the bloodstream, merozoites invade
erythrocytes, initiating the intraerythrocytic cycles that cause
the symptoms of the disease.

Plasmodium sporozoites and merozoites, like most invasive
stages of Apicomplexa, invade their respective host cell by
actively penetrating inside a parasitophorous vacuole (PV),
which is mainly derived from the invaginated host cell mem-
brane around the internalized parasite. After multiplication by
schizogony inside the PV, the progeny merozoites egress from
erythrocytes following a sequential quick lysis of both the PV
and host cell membranes (6 —8). In contrast, the way merozo-
ites egress from hepatocytes involves a more distinct two-step
event; they first rupture the PV membrane (PVM) but not the
hepatocyte plasma membrane (HPM), inducing the formation
of merosomes, which have not been observed during the egress
of erythrocytic merozoites (9, 10). Merosomes are HPM-bound
vesicles that bud into the liver sinusoid and act as shuttles for
hepatic merozoites (9, 11), avoiding their phagocytosis by
macrophages in the liver. The merosome/HPM membrane
appears to rupture only in the lung microvasculature, releasing
hepatic merozoites in a safer environment (10, 12).

Although little is known regarding the egress of hepatic
merozoites, several actors have been shown to participate in

°> The abbreviations used are: PV, parasitophorous vacuole; PVM, PV mem-
brane; SERA, serine repeat antigen; MSP, merozoite surface protein; FRT,
flippase recognition target; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; hpi, hours postinfection; gDNA, genomic
DNA.
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Plasmodium erythrocytic merozoite egress, including host
enzymes (13, 14) and parasite perforin-like proteins (15-17).
Importantly, a cascade of parasite proteases plays a pivotal role
during the egress of erythrocytic merozoites and subsequent
invasion into erythrocytes (6, 9, 16, 18 —20). The subtilisin-like
protease SUBL, a bacterial like serine protease, is a Plasmodium
merozoite product essential for the parasite erythrocytic cycle
(18). In Plasmodium falciparum, SUB1 was shown to have a
dual function. It is crucial for merozoite egress from erythro-
cytes and renders released merozoites competent for a new
round of erythrocyte invasion (18, 21). In the process of P. fal-
ciparum merozoite egress from erythrocytes, SUB1 carries out
the maturation of the family of papain-like proteases called ser-
ine repeat antigens (SERAs) (18, 19, 22). It remains unknown
whether the SERAs have a direct role in membrane disruption
or whether they in turn maturate other effectors, but it is estab-
lished that their SUB1-dependent maturation is essential for
the egress of merozoite (18). The reported role of SUB1 in
P. falciparum merozoite invasion is to undertake the process-
ing of merozoite surface proteins (MSPs), including MSP1, the
major merozoite surface protein and a leading malaria vaccine
candidate (21). After SUB1 maturation, the membrane-an-
chored C-terminal 42-kDa fragment of MSP1 remains associ-
ated with the other MSP1 fragments and additional partners,
including MSP6 and MSP7 (21, 23), which are also processed by
SUBI (21). Although functional studies suggest that MSPs pro-
mote initial binding of the merozoite to the erythrocyte surface,
their exact function remains unclear. However, MSP process-
ing by SUBL is necessary for efficient erythrocyte invasion.

Whether SUBLI also plays a role at the hepatic stages of Plas-
modium is unknown. Although SUB1 has so far only been
reported as being expressed in erythrocytic stages, the SERAs
are expressed in both erythrocytic and liver stages. The P. fal-
ciparum genome contains nine SERA-encoding genes, all tran-
scribed during the parasite erythrocytic cycle (20). The genome
of the rodent malaria parasite Plasmodium berghei encodes five
SERAS (24), and four of these are known to be expressed in liver
stages (25, 26). Moreover, hepatic merozoites express MSPs
and are able to invade erythrocytes. In this work, we show that
SUBL is expressed by hepatic merozoites, and, by generating
subl-null liver stages using FLP/flippase recognition target
(FRT)-mediated conditional mutagenesis in P. berghei (27, 28),
we show that SUB1-deficient hepatic merozoites are unable to
egress from infected hepatocytes and to establish a blood infec-
tion. Together, these data show that SUB1 plays a key role dur-
ing the last phase of Plasmodium biological development into
host hepatocytes, qualifying this enzyme as an attractive target
of intervention strategies aiming at preventing as well as curing
infection in humans.

EXPERIMENTAL PROCEDURES

Parasites, Mosquitoes, and Mice—The wild-type and GFP-
expressing P. berghei ANKA clones were used to study PbSUB1
in erythrocytic and liver stages, respectively (29, 30). The P.
berghei NK65 UIS4/FLP and GFP-expressing clone, which
expresses the FLP under the control of the uis4 promoter (27),
was transfected to obtain the SUB1/Cond conditional clones.
Anopheles stephensi (Sda500 strain) mosquitoes were fed on
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infected mice 3—5 days after emergence and kept at 21 °C and
70% humidity as described (11). Sporozoites were collected
from salivary glands dissected on day 18 -21 postfeeding. To
evaluate the parasite infectivity in vivo, 30,000 sporozoites were
injected intravenously into 4-week-old C57BL/6 mice (Janvier).
Blood stage parasitemia was assessed daily by flow cytometry as
described previously (31). The study was carried out in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the Institut Pasteur and
complied with the European Union guidelines for the handling
of laboratory animals. The procedures were approved by the
Institut Pasteur animal care and use committee. Animal care
and handling was approved by the Ministére de I’Agriculture et
de la Péche (Report 107503056792, clearance number 75-273),
and the protocols and procedures used were approved by the
Direction Départementale des Services Vétérinaires de Paris
(Ref. RL-07031395-30701147). All experiments were planned
in order to minimize animal suffering.

P. berghei Transfection and Cloning—The targeting pSUB1/
FRT plasmid was constructed by cloning three PCR products
into a plasmid that carries two FRT sites and the human dihy-
drofolate reductase expression cassette (27, 28): (i) a 736-bp
fragment upstream from the Pbsub1 locus; (ii) a 3479-bp DNA
fragment encompassing the 5’ FRT site, 1177 bp corresponding
to the 5'-untranslated region (UTR) of Pbsubl, the complete
PbSUB1 open reading frame (1799 bp), and 503 bp correspond-
ing to the Pbsubl 3'-UTR; and (iii) a 673-bp fragment down-
stream from the Pbsubl locus. The latter was amplified using
the oligonucleotides 5'-CCCGGGCATTTGGTGTATATTAT-
TGTTTTTCTTG-3' and 5'-GGTACCTCAATGTGCATTT-
ATTGTTATGC-3' and was cloned first in the plasmid using
Smal and Kpnl restriction sites (underlined sequences). To the
resulting plasmid was added the 736-bp fragment upstream of
the Pbsub1 locus amplified using the primers 5'-AAGCTTTA-
AATAAATCACCAAATATTAAATTGG-3' and 5'-GCGGC-
CGCATGTGTGTTATATAAGTGATTATTCTTTAAGC-3’
using HindIII and Notl restriction sites (underlined sequences).
Finally, the entire Pbsub1 locus was amplified using the 5'-GATA-
TCTAAATCGAAGAAAATATAAACATTCG-3" and 5'-GGG-
CCCAAATATATGTCGGTGTAATGCACC-3' primers and
cloned using the EcoRV and Apal restriction sites. The
sequence of all DNA fragments has been controlled by
sequencing (Beckman Coulter Genomics). Prior to transfec-
tion, the final pSUB1/Cond plasmid was linearized using Bmrl
and Kpnl (Biolabs) restriction enzymes.

P. berghei erythrocytic stages were transfected as described
previously (29). Briefly, P. berghei blood stages collected from
an infected rat were cultured in vitro overnight at 37 °C, in
complete RPMI1640 medium supplemented with 20% FBS and
in an atmosphere composed of 5% O,, 5% CO,, and 90% N.,.
The resulting mature schizonts were purified by Nycodenz gra-
dient, and 107 to 10® merozoites resuspended in 40 ul of com-
plete medium were electroporated using the U33 program in
the presence of 100 ul of human T cell Nucleofactor solution
(Amaxa) and 5 ug of linearized plasmid DNA. The transfection
mix was injected intravenously into two 3-week-old female
Swiss mice that were treated with WR99210 (16 mg/kg)
injected subcutaneously from day 1 to 3 post-transfection. At
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day 5, the emerging parasite population was transferred from
each mouse to two naive mice that were treated again with
WR99210 for 3 days. When parasitemia in initial and trans-
ferred mice was >2%, blood was collected to prepare cryosta-
bilates and genomic DNA. Clones of the selected mutants were
obtained by limiting dilution via the infection of at least 30 mice
by 0.5 parasites.

Screening for the correct integration of the 5" FRT was per-
formed by PCR using primers P4 and P5. The P4-P5 amplified
product (2 kb) was digested by Xbal (Biolabs), and two frag-
ments of 1.2 and 0.8 kb were obtained when the Xbal-contain-
ing 5" FRT site was present. Excision or non-excision of the
Pbsubl locus was assessed by PCR using primers P1-P2 and
P3-P2, respectively.

Southern Blot, PCR, and RT-PCR Analysis—Southern blot
analyses were carried out as described (27, 32). Genomic DNA
from P. berghei parental and SUB1/Cond clones 5 and 22 was
extracted using the QIAamp DNA blood kit (Qiagen); digested
with Ncol, Xbal, or Accl; separated by gel electrophoresis; and
transferred overnight to Hybond N membrane (GE Health-
care). The PCR DIG probe synthesis kit (Roche Applied
Science) and primers 5'-ATGATAAAAAATTAGGTAGATT-
AGG-3" and 5'-TTAATTTCTTTTTTTACTTTTCCACAT-
GCG-3' were used to amplify a 600-bp fragment that
corresponds to the 3'-end of the PbSUB1 open reading frame.
Hybridization was performed overnight at 42 °C, and washing and
signal detection were carried according to the manufacturer’s
instructions.

Excision or non-excision of the PbsubI locus was assessed by
PCR using primers P1-P2 and P3-P2, respectively. Primers
sequences were as follows: P1, 5'-ATATTTGGTCACTCTT-
GATGG-3'; P2, 5'-ACATTAAAATTTTCGAGCATGC-3;
P3, 5'-TCTCTTCAATGATTCATAAATAGTTGG-3'. PCR
was performed using Taq polymerase (Invitrogen) with one
cycle at 95 °C for 2 min followed by 35 cycles of 95 °C for 30 s,
58 °C for 1 min, and 68 °C for 1 min and 1 cycle of 68 °C for 10
min. Screening for the correct integration of the 5" FRT was
performed by PCR using primers P4 and P5, the sequences of
which are 5'-TTGTTATGTACATTTTGTACCTTTATGG-3’
and 5'-TACAAGCATAGATAAAAACTGTTCG-3', respec-
tively. The P4-P5 amplified product (2 kb) was digested by Xbal
(Biolabs), and two fragments of 1.2 and 0.8 kb were obtained
when the 5" FRT site, which contains the Xbal site, was present.
For RT analysis, total RNA was purified from erythrocytic
schizonts, non-infected HepG2 cells, and parasitized HepG2
cells collected 24, 48, and 62 h postinfection with sporozoites
using TRIzol (Ambion). Reverse transcription was performed
using SuperScript II reverse transcriptase (Invitrogen). cDNA
was used as a template for PCR using primers specific for P. ber-
ghei Pbsubl and Pbtub, leading to the amplification of frag-
ments of 515 and 421 bp, respectively. The two primer pairs
5 -AGCTTTAGATGATAAAAAATTAGGTAGATTAGG-3’
plus 5'-CAACTTGTTTATACGTTAAATCTGGATTAAT-
TGA-3' and 5'-TGGAGCAGGAAATAACTGGG-3' plus 5'-
ACCTGACATAGCGGCTGAAA-3" were used to amplify
Pbsubl and Pbtub, respectively.

Western Blot and Immunofluorescence Analysis—Protein
extracts from P. berghei were prepared as described previously
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(33), whereas liver stages were obtained following enrichment
by a cell sorting procedure. Briefly, P. berghei GFP ™ -infected
HepG2 cells (ratio 1:0.5) cultured for 21, 48, and 62 h postin-
fection with P. berghei GFP™ sporozoites were sorted using the
FACSAria III cell sorter piloted with FACSDiva version 6.1.3
software. Western blot analyses were carried out as described
previously (34), except that cells were lysed in XT sample buffer
(Bio-Rad) supplemented with 10 mm dithiothreitol. Following
separation on 4—12% BisTris Criterion precast gel (Bio-Rad)
and transfer onto nitrocellulose (Amersham Biosciences),
membranes were probed with respective antiserum diluted in
Tween-buffered saline (10 mm Tris, pH 8 (Sigma), 150 mm NaCl
(Sigma), 0.2% Tween (Sigma), and 5% (v/v) milk). Primary
antibodies used were the 1D11 anti-PbSUB1 anti-peptide
mADb obtained following immunization of mice with the
KNSYKKSFENDEYRC PbSUBI1 peptide coupled to keyhole
limpet hemocyanin (Genscript), the anti-PbMSP1-42 rabbit
polyclonal serum (35), and the anti-PbSERA3 rat polyclonal
serum (26). Following washing and incubation with horse-
radish peroxidase (HRP)-conjugated anti-species IgG anti-
bodies (Promega), signals were revealed using the SuperSignal
(ThermoScientific) or the ECL Prime (Amersham Biosciences)
luminescent substrate. Alternatively, membranes were probed
with an HRP-conjugated rabbit anti-GAPDH (Santa Cruz Bio-
technology, Inc.) or a rabbit anti-GFP serum (Clontech). Rela-
tive protein proportions were evaluated using Quantity One
software (Bio-Rad).

Before incubation with antibodies of interest, erythrocytic or
liver schizonts and free merozoites were fixed on 10-well slides
with cold acetone/methanol (4:1) for 10 min at —20 °C. Follow-
ing extensive washing, the presence of IgGs was revealed fol-
lowing incubation with anti-species IgG coupled to Alexa Fluor
488 or 594 (Invitrogen). Slides were mounted with Vectashield,
and images were taken using an Axiovert II fluorescence micro-
scope (Zeiss) and treated using Image] software.

Culture of P. berghei Liver Stages in HepG2 Cells and Prepa-
ration of Hepatic Merozoites—HepG2 cells were grown in
DMEM+ Glutamax-1 media (Invitrogen) supplemented with
10% FCS (PAA Laboratories GmbH) and penicillin/streptomy-
cin/neomycin solution stabilized (P4083, Sigma) at 37 °C in the
presence of 5% CO, and 10% O,. The day before infection, 4 X
10* cells were plated per well in 8-well chamber slides (Nalge
Nunc International, Rochester, NY), and 24 h later, 4 X 10*
CONT or SUB1/Cond sporozoites were added. The medium
was changed daily. The quantification of infection was carried
out at 24 and 48 h postinfection by flow cytometry using the
MACSQUANT cytometer, allowing counting of the P. berghei
GFP-infected HepG2. At 65 h postinfection, the culture super-
natant was collected, and cells were scraped and lysed using an
insulin syringe. Merozoites contained in both fractions were
counted using KOVA slides (Hycor) and an Axiovert II fluores-
cence microscope (Zeiss) with X40 objective. The time lapse
slides have been extracted from the movies accessible as sup-
plemental material, which were recorded using an Axiovert II
fluorescence microscope (Zeiss) with 10X objective using
Image] software. Hepatic merozoites were prepared from par-
asitized HepG2 cells cultivated 62 h postinfection with sporo-
zoites. The culture supernatant was collected, the cells were
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FIGURE 1. PbSUB1 is a protein of blood stage and hepatic merozoites. A, mRNA of Pbsub1 was detected in erythrocytic segmented schizonts (ES) and in
HepG2 cells 24, 48, and 65 h postinfection with P. berghei sporozoites. mRNA of Pbtub was amplified as a control of RNA preparation. mRNA extracted from
non-infected HepG2 (ni) cells was amplified as a control. Molecular mass markers are in base pairs. B, Western blot using the 1D11 anti-PbSUB1 monoclonal
antibody. PbSUB1 mature forms (black arrows) are detected in protein extracts prepared from erythrocytic (ES), exoerythrocytic schizonts in HepG2 cells 62 h
postinfection with P. berghei sporozoites and in liver stages merosomes and merozoites (LS-Mz) collected in the culture supernatant of infected HepG2 62 h
postinfection. Protein extracts from non-infected (N/) erythrocytes, HepG2 cells, and culture supernatants of HepG2 cells have been probed as a control,
allowing the identification of a host cell-specific signal (gray arrow). For aloading control, the same membranes have been probed with anti-GAPDH antibodies.
Molecular mass markers are in kilodaltons. Shown is immunofluorescence analysis of liver stages (LS) (C) and erythrocytic stages (ES) (D) of P. berghei schizonts
and free merozoites. Fixed liver stage schizonts and merozoites were incubated with anti-PbSUB1 mAb (red) and anti-PbMSP1 (green). Fixed erythrocytic stage

schizonts and merozoites were incubated with anti-PbSUB1 mAb (green) or anti-PbMSP1 (red). Scale bars, 2 um.

scraped and mechanically lysed by pipetting, and merozoites
were prepared by filtration using a 5-um filter (Sartorius Ste-
dium Biotech-Minisart) and counted using KOVA slides
(Hycor) and an Axiovert II fluorescence microscope (Zeiss)
with X40 objective. 50,000 merozoites of each fraction of
CONT or SUB1/Cond were injected intravenously into three
4-week-old C57BL/6 mice.

Transmission Electron Microscopy—Infected HepG2 cells
collected 59 or 65 h postinfection (hpi) were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer at 4 °C for 24 h. After
several washes in 0.1 M cacodylate buffer, samples were post-
fixed for 1 h in the same buffer containing 1% osmium tetroxide
(Merck). After dehydration in a graded ethanol series, the sam-
ples were embedded in Epon resin. Contrasted ultrathin sec-
tions (60 nm) were observed in a JEM 1010 transmission elec-
tron microscope (Jeol).

RESULTS

SUBI Is Expressed in P. berghei Liver Stage Parasites—Ex-
pression of subl was examined in P. berghei parasites develop-
ing inside cultured hepatoma HepG2 cells (Fig. 1). RT-PCR
analysis indicated that subl transcription by P. berghei-con-
taining HepG2 cells increased from 24 to 65 hpi by sporozoites
(Fig. 1A). SUBL1 protein was barely detected 48 hpi (data not
shown) and abundantly present at 62 hpi (Fig. 1B). Immunofluo-
rescence assays confirmed the presence of SUB1 in mature
hepatic schizonts as well as in free merozoites released from
infected hepatocytes (Fig. 1C), similar to the SUB1 staining in
erythrocytic parasite stages (Fig. 1D). In both intrahepatocytic
and intraerythrocytic schizonts, SUB1 staining displayed both
punctate and diffuse patterns, the latter possibly reflecting the
release of SUBI into the PV.
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Generation of P. berghei SUBI Conditional Lines—To deci-
pher SUB1 biological function in liver stage parasites and
hepatic merozoites, we used a conditional inactivation strategy
because SUBI is essential in blood stage parasites (18). We
deleted the sub1 coding sequence in sporozoites using the FLP/
FRT site-specific recombination system (27, 28). The targeting
plasmid pSUBI/FRT (Fig. 2A4) was transfected into UIS4/
FLP(—)F parasites, which constitutively express GFP and
express the FLP recombinase specifically in salivary glands
sporozoites (27). The plasmid pSUB1/FRT was designed to
place, following double crossover recombination, a 5" FRT site
736 bp upstream from the subl start codon and a 3’ FRT site
downstream from the 3'-UTR of subl and the selectable
marker (Fig. 24).

After transfection of pSUB1/FRT into UIS4/FLP(—)F GFP-
expressing P. berghei parasites (hereafter called CONT, for
control parental parasites), WR99210-resistant parasites were
readily selected. PCR genotyping identified several recombi-
nant clones, including SUB1/Cond-5 and SUB1/Cond-22, orig-
inating from independent transfection experiments. Their
genotype was confirmed by Southern bot analysis to contain
the expected subl recombinant locus (data not shown). Both
SUB1/Cond-5 (Fig. 2B) and SUB1/Cond-22° clones expressed
the expected forms of PbSUBI but in a >50% reduced amount
as compared with the parental CONT clone, and they were able
to cycle through the Anopheles vector (Table 1).

SUBI Is Essential for Parasite Infectivity—Clone SUB1/
Cond-5, hereafter called SUB1/Cond, was selected to analyze
the role of SUBL in pre-erythrocytic stages of the parasite.

L. Tawk, C. Lacroix, P. Gueirard, R. Kent, O. Gorgette, S. Thiberge, O. Mer-
cereau-Puijalon, R. Ménard, and J.-C. Barale, unpublished observation.
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FIGURE 2. Generation of the P. berghei conditional SUB1/Cond mutant. A, schematic representations of the wild-type Pbsub1 locus in control (CONT)
parental parasites, the targeting plasmid pSUB1/FRT (top), the expected Pbsubl recombinant locus in the SUB1/Cond clone obtained following a double
crossover event (DCO; middle), and the recombinant Pbsub1-null locus after the FLP-recombinase mediated site-specific recombination (SSR; bottom). The
linearized pSUB1/FRT plasmid carries the following from 5" to 3": a 736-bp fragment located upstream of the sub1 locus (cross-hatched box), an FRT site (red
arrow), the Pbsub1 locus composed of a 5'-untranslated regulatory sequence (1177 bp; black arrow), the Pbsub1 coding sequence (1799 bp; open box), a
3’-untranslated regulatory sequence (503 bp; open lollipop), the human dihydrofolate reductase cassette (gray box), the second FRT site, and a 673-bp fragment
located downstream of the Pbsub1 locus. The P1 and P2 primers amplify a 3.8- or 5.5-kb fragment on CONT or SUB1/Cond loci, respectively, and a 0.4-kb
fragment following FLP-specific SSR excision of Pbsub1. P3/P2 and P4/P5 couples of primers are specific for the SUB1/Cond recombinant locus; P3 and P2
amplify a 0.43-kb fragment, whereas P4 and P5 amplify a 2-kb fragment surrounding the 5’ FRT site, which contains an Xbal restriction site (blue X). B, Western
blot analysis of SUB1/Cond clone5 and CONT erythrocytic segmented schizonts probed for PbSUB1. Protein extracts corresponding to 5 X 10° infected red
blood cells and an equal number of non-infected erythrocytes (N/) were probed by 1D 11 anti-PbSUB1 and anti-GFP antibodies; the latter was used as a loading
control. C, PCRanalysis of the Pbsub 1 locus of the recombinant SUB1/Cond clone 5 compared with the parental (CONT) parasites. P3-P2 and P1-P2 primers were
used to analyze the SUB1/Cond gDNA prepared from erythrocytic stages (ES) and sporozoites (SPZ) collected on day 20 postinfection. Primers P1-P2 amplify
both the excised (SPZ; 0.4 kb) and non-excised Pbsub1 loci (ES; 5.5 kb) from SUB1/Cond and the parental Pbsub1 locus (CONT; 3.8 kb). Primers P3-P2 amplify only
non-excised Pbsub1 locus (0.43 kb) from gDNA prepared from sporozoites and erythrocytic stages of SUB1/Cond parasites. The P. berghei tubulin coding gene
(Pbtub) was amplified as a control of gDNA. D, PCR analysis of genomic DNA of CONT and SUB1/Cond erythrocytic stages following infection of mice by
sporozoites. Genomic DNA was prepared from the two parasitized mice (M1 and M2) corresponding to experiment 6 (see Table 1) and analyzed using P1-P2,
P3-P2, and P4-P5 primers as indicated in C. As shown by the amplification of a 0.43-kb fragment with the P3-P4 primers and a 2-kb fragment with the P4-P5
primers, erythrocytic parasites collected from both mice display a SUB1/Cond genotype. Xbal-digested (+) or undigested (—) P4-P5 fragments (P4-P5, blue
characters) are shown. In the presence of a complete 5’ FRT site containing the Xbal site, two fragments of 1.2 and 0.8 kb are generated (P4-P5d; black arrows)
and are the signature of a complete SUB1/Cond recombinant locus. Importantly, no fragment of 0.4 kb corresponding to a Pbsub1 excised locus could be
amplified with P1-P2 primers. Molecular mass markers are in kilobase pairs and in kilodaltons.

TABLE 1
SUB1/Cond sporozoites are unable to establish a blood parasitemia

Groups of 4 -5 mice were infected intravenously by SUB1/Cond or CONT sporozoites to determine the prepatent period before the establishment of a blood parasitemia.
The number of animals in each group that were positive for erythrocytic stages is shown. Asterisks indicate that the analysis of genomic DNA prepared from blood stage
parasites collected from these mice has shown that only the non-excised (NE) genotype for the Pbsubl locus could be detected. PCR genotyping of the resulting
erythrocytic SUB1/Cond parasites has been performed on parasites prepared from infected mice labeled with an asterisk. A representative PCR analysis showing that
only the SUB1/Cond non-excised genotype could be detected and corresponding to the erythrocytic parasites prepared from the two infected mice (Experiment 6)
is shown in Fig. 2F.

No. of injected No. of positive mice/no. of Prepatent Genotype of

Experiment Parasite clone sporozoites injected mice (blood parasitemia) period (days) recovered parasites

1 SUB1/Cond-22 30,000 2*/10 6 NE Pbsubl
CONT 10/10 4 wWT

2 SUB1/Cond-22 30,000 0/3
CONT 3/3 5 WT

3 SUB1/Cond-22 30,000 2*/4 6 NE Pbsubl
CONT 4/4 6 wWT

4 SUB1/Cond-5 30,000 1*/5 7 NE Pbsubl
CONT 5/5 6 wWT

5 SUB1/Cond-5 30,000 2*/4 4 NE Pbsubl
CONT 4/4 4 WT

6 SUB1/Cond-5 30,000 2*/5 4 NE Pbsubl
CONT 5/5 4 WwWT
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A. stephensi mosquitoes were allowed to feed on SUB1/Cond- or
CONT-infected mice. At day 20 post-transmission, similar
numbers of SUB1/Cond and CONT salivary gland sporozoites
were obtained, and site-specific recombination efficiency was
evaluated by PCR analysis of the sublI locus in SUB1/Cond
sporozoites; P1-P2 primers (Fig. 24), which amplified both the
non-excised and excised loci, albeit with different efficiencies,
generated a band of 0.4 kb corresponding to the excised locus
with gDNA prepared from sporozoites but not erythrocytic
stages of the SUB1/Cond clone (Fig. 2C, left). However, P3-P2
primers, designed to amplify a small fragment of 0.43 kb specif-
ically from the non-excised locus of SUB1/Cond, revealed the
presence of some non-excised parasites in both erythrocytic
stages and sporozoites of the SUB1/Cond clone (Fig. 2C, right).
This indicated that SUB1/Cond sporozoites contained a mix-
ture of excised and non-excised parasites for the sub1 locus. By
normalizing the gDNA amount to the parasite tubulin PCR
product (Fig. 2C) and scoring excision efficiency using PCR
band intensity, the proportion of excised parasites was evalu-
ated to be >90%, in agreement with previous uses of the UIS4/
FLP(—)F system (27, 28, 36, 37).

To evaluate SUB1/Cond parasite infectivity, mice were
infected with day 20 sporozoites, and the emergence of blood
stage parasites was monitored. In all experiments and using
either SUB1/Cond clone, fewer animals developed a blood par-
asitemia after inoculation of mutant compared with CONT
sporozoites (Table 1). The average prepatent period (i.e. the
delay before the apparition of a blood parasitemia following the
injection of sporozoites) induced by SUB1/Cond clones was
similar to or prolonged compared with CONT parasites, with
an average increase of 1-2 days in experiments 1 and 4, respec-
tively (Table 1), corresponding to a 10—100-fold decrease in
SUB1/Cond parasite infectivity. Importantly, in all experi-
ments, animals that developed blood stage infection after injec-
tion of SUB1/Cond sporozoites only contained recombinant
SUB1/Cond non-excised parasites, as shown by PCR analysis
using the P3-P2 and P4-P5 primers (Fig. 2D) and the specific
failure of P1-P2 primers to amplify the small 0.4-kb fragment
corresponding to the excised locus (Table 1 and Fig. 2D). This
counterselection of excised parasites demonstrated a crucial
role for SUBI in parasite infectivity, which might be required
during the pre-erythrocytic phase of the parasite development
in addition to its pivotal role during Plasmodium intraerythro-
cytic cycle.

SUBI Is Important for Hepatic Merozoite Egress from the
Parasitophorous Vacuole—To explore whether SUB1 was
essential in the hepatic phase, we compared SUB1/Cond and
CONT parasite development inside hepatocytes in vitro. At 24
and 48 hpi with sporozoites, similar numbers of normal average
size liver stages of both parasite clones were counted by flow
cytometry (Fig. 3A). This confirmed, in agreement with the
PbSUBI expression pattern described above, that SUB1 was not
important for sporozoite invasion of hepatocytes or parasite
intrahepatocytic development. To assess merozoite egress
from hepatocytes, we counted free merozoites released in the
culture supernatant by fluorescence microscopy (Fig. 3B).
Merosomes normally bud off from infected HepG2 cells start-
ing at ~58 — 60 hpi, occasionally rupturing and releasing mero-
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zoites in the medium. At 58 and 69 hpi, ~6- and ~4-fold more
CONT than SUB1/Cond merozoites, respectively, were
counted. This difference was observed for five independent
experiments and was shown to be statistically significant (p <
0.001) using an exact one-sided Wilcoxon rank sum test and
combined using the meta-analytical approach of Fisher. Con-
versely, at 69 hpi, ~10-fold more SUB1/Cond than CONT
intracellular merozoites were counted following their mechan-
ical release from infected HepG2 (Fig. 3B). These data sug-
gested that SUB1/Cond merozoites were impaired in their
egress from hepatocytes.

Liver stages developing inside HepG2 cells at 65 hpi were
then imaged by light and fluorescence microscopy. SUB1/Cond
parasites appeared slightly smaller than the CONT counter-
parts (Fig. 3C). This size difference correlated with an intact
labeling of PVM around SUB1/Cond liver stages using anti-
EXP1 antibodies (Fig. 3D). In contrast, the EXP1 labeling
enclosing CONT liver stages, when visible, was discontinuous
(Fig. 3D), as expected from PVM rupture at this time point.
Hepatic merozoite egress and merosome formation were then
analyzed by video microscopy. Merosomes are typically seen
moving in the culture supernatant as budding, free floating
structures from ~60 hpi (9). At 60 hpi, 85% of the CONT par-
asites analyzed appeared as “moving” (i.e. giving rise to drifting
merosomes), whereas the remainder appeared as “immobile”
parasites (n = 20; Fig. 3E and supplemental Movie 1). In con-
trast, the proportion of SUB1/Cond parasites generating mero-
somes dropped to <12% (n = 17; Fig. 3E and supplemental
Movie 2). This difference in the proportion of PVM containing
SUB1/Cond and CONT schizonts was shown to be statistically
significant (Pearson’s x> test with simulated p value based on
10° replicates; x* = 14.854, p < 0.0001).

Next, merozoite capacity to escape from the PVM was inves-
tigated by transmission electron microscopy of infected HepG2
cells at ~59 or 65 hpi (Fig. 4). At ~59 h, numbers and shapes of
intracellular merozoites were similar for the SUB1/Cond and
CONT clones, confirming unimpaired merozoite formation in
the SUB1/Cond liver stages. At this time point, only 2 of 12
analyzed CONT liver stages displayed a visible PVM, whereas
the remainder were surrounded only by the HPM (Fig. 4, A and
F). In contrast, 15 of 17 SUB1/Cond liver stages were still sur-
rounded by a visible PVM in addition to the HPM (Fig. 4, B, C,
and F). At 65 hpi, when CONT merozoites were no longer pres-
ent inside hepatocytes, SUB1/Cond merozoites were still
enclosed in a PVM and an HPM (Fig. 4, D and E). These obser-
vations provide direct evidence for a role of SUB1 in rupturing
the PVM within the hepatocyte and hence in merozoite egress.

SUBI Processes SERA3 in Parasite Liver Stages—Generation
of SUB1-deficient parasites provided for the first time the
opportunity to directly test the role of SUB1 in processing its
protein targets. In P. berghei, SERA3 is expressed in mature
liver stages, before the egress of hepatic merozoites, and its
130-kDa precursor undergoes specific processing (26). It is
noteworthy that PESERA6, the PbSERA3 ortholog in P. falcipa-
rum, is maturated by SUB1 at the blood stages (22). To investi-
gate PbSERA3 processing in PbSUB1-deficient merozoites,
infected HepG2 cells were isolated by cell sorting at 58 hpi,
immediately prior to merozoite egress, and protein extracts
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hepatic merozoites. A, HepG2 cells were infected with SUB1/Cond or CONT GFP " -P. berghei sporozoites. GFP* infected HepG2 cells collected 24 and 48 hpi
were counted by flow cytometry. Results from a typical experiment are shown and correspond to the mean and S.D. (error bars) of internal triplicates. n.s., no
significant difference, as determined by a Wilcoxon rank sum test. B, free merozoites released in the supernatant of SUB1/Cond or CONT HepG2-infected cells
were collected 58 and 69 hpi and quantified by fluorescence microscopy. To quantify intracellular merozoites, HepG2-infected cells were collected 69 hpi and
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sum test and combined using the meta-analytical approach of Fisher. C, light (phase) and fluorescent (GFP) microscopy analysis of SUB1/Cond and CONT
schizonts (65 h postinfection) into HepG2 cells are shown and are representative of five independent experiments. Scale bar, 20 um. D, immunofluorescence
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anti-EXP1 (green). Scale bar, 20 um. E, time lapse fluorescent video microscopy analysis of SUB1/Cond and CONT schizont-infected HepG2 cells 60 hpi. Budding
from the ruptured infected HepG2 cells, CONT merosomes are floating in the supernatant, whereas only a few parasites remain intracellular and are immobile
(thick white arrows). In contrast, only a few SUB1/Cond merosomes float in the supernatant (thin white arrows), whereas most of the SUB1/Cond schizonts
remain intracellular and are immobile. The slides shown correspond to pictures captured at 0, 12, and 20 s from supplemental Movies 1 and 2. Scale bar, 20 pm.
F, Western blot analysis of CONT and SUB1/Cond schizont-infected HepG2 cells collected by cell sorting at 58 hpi. Protein extracts corresponding to non-
infected (N/) and CONT or SUB1/Cond merozoite-infected HepG2 were probed by the 1D11 anti-PbSUBT mAb and the anti-PbSERA3 serum. In contrast to
PbSERA3 precursor (PbSERA3p), mature PbSUB1 and PbSERA3 maturation products (PbSERA3-72 and PbSERA3-55) could only be detected in CONT intracel-

lular merozoites. Anti-GFP antibodies were used as parasite loading control. Molecular mass markers are in kilodaltons.

were analyzed by Western blot. Although present in CONT
liver stages, SUB1 protein remained undetectable in SUB1/
Cond liver stages, confirming that the vast majority of SUB1/
Cond merozoites were excised individuals lacking sub1. Results
also showed that SERA maturation products, known as
PbSERA3-72 and PbSERA3-55 (26), were also undetectable in
SUB1/Cond liver stages, although their precursor of 130 kDa
was detectable (PbSERA3p; Fig. 3F). This indicates that SERA3
processing in liver stages is SUB1-dependent.

SUBI-deficient Hepatic Merozoites Do Not Process MSPI and
Are Unable to Establish a Blood Infection—A primary target of
SUBI in erythrocytic merozoites is MSP1, which is cleaved into
four fragments of 83, 30, 38, and 42 kDa that remain at the
merozoite surface (21). To investigate whether SUBI1 carries
out MSP1 processing at the hepatic stage, SUB1-dependent
MSP1 processing was analyzed in CONT and SUB1/Cond
hepatic merozoites collected at 59 hpi by mechanical rupture of
infected HepG2 cells. At the protein level, whereas SUB1 was
detected in CONT hepatic merozoites, this was not the case in
SUB1/Cond hepatic merozoites (Fig. 54). In parallel, the pro-
cessed MSP1 42-kDa form accumulated in CONT merozoites
(4.2 times more than in SUB1/Cond merozoites) but was barely
detectable in SUB1/Cond merozoites in which the 230-kDa
MSP1 precursor accumulated (3.13 times more than in CONT
merozoites; Fig. 5A4). Because PCR analysis confirmed that most
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SUB1/Cond merozoites had an excised sub1 locus (Fig. 5B), this
indicated that SUB1 was involved in the primary processing of
MSP1 in hepatic merozoites. To test the capacity of SUB1/
Cond merozoites to trigger a blood infection, mice were
infected by CONT or SUB1/Cond hepatic merozoites, and the
emergence of blood stage parasites was monitored. In three
independent experiments, few or no animals developed a blood
parasitemia after inoculation of SUB1/Cond hepatic merozo-
ites (Table 2) compared with CONT merozoites. In addition,
genotyping of the blood stage parasites collected from the pos-
itive mice infected with SUB1/Cond merozoites showed that all
mice harbored only non-excised Pbsubl parasites (Fig. 5B). In
line with the known essential role played by SUB1 during the
erythrocytic cycle of P. falciparum in vitro (18), these observa-
tions provide direct evidence that SUB1 is essential to establish
a blood stage infection in vivo.

DISCUSSION

This study provides direct genetic evidence for successive
roles of SUB1 at different steps of the P. berghei life cycle. Pre-
vious studies have shown that P. falciparum SUB1 was impor-
tant in vitro for merozoite egress from erythrocytes (18) as well
as for priming merozoites for erythrocyte invasion (21). These
conclusions were based on the use of SUBI inhibitors, includ-
ing chemical compounds (18, 38) or peptidic derivatives (19,
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FIGURE 5. SUB1/Cond hepatic merozoites display a default of MSP1 mat-
uration and are unable to establish a blood parasitemia. A, protein
extracts of CONT and SUB1/Cond hepatic merozoites mechanically released
from infected HepG2 cultures 60 hpi were probed with the 1D11 anti-PbSUB1
mAb and the rabbit anti-PbMSP1 polyclonal serum. Anti-GFP antibodies were
used as a parasite loading control. Molecular mass markers are in kilodaltons.
B, PCR genotyping of the sub1 locus using the P1-P2 and P3-P2 primers (Fig.
2A). gDNA was prepared from SUB1/Cond or CONT hepatic merozoites (Mz)
and blood stage parasites collected from mice infected by 50,000 hepatic
CONT or SUB1/Cond merozoites, corresponding to experiment 3 presented
in Table 2. PCR analysis of one representative CONT gDNA is shown, whereas
lanes 1-4 correspond to the analysis of the gDNA prepared from the four mice
that developed a blood parasitemia following the injection of SUB1/Cond
hepatic merozoites (Table 2). The SUB1/Cond genotype of these parasites
was confirmed by amplification of the 0.43-kb fragment by the P3-P2 primers.
However, no parasites with an excised PbsubT locus could be detected, as
shown by the failure to amplify the Pbsub1 excised specific fragment of 0.4 kb
using the P1-P2 primers, whereas the full-length Pbsub1 non-excised locus is
detected, as shown by the amplification of the 5.5-kb fragment (Fig. 2A).
Molecular mass markers are in kilobase pairs.

39). The issue of inhibitor specificity is a possible confounder in
such an approach. Here, using genetically modified SUB1-defi-
cient parasites, we show that SUB1 plays a central role during
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both the pre-erythrocytic and erythrocytic phases of Plasmo-
dium life cycle, being critically involved in merozoite egress
from host hepatocytes and in the establishment of a subsequent
intraerythrocytic cycle.

In pre-erythrocytic stages of P. berghei, we show that SUB1,
while being dispensable for sporozoite invasion of hepatocytes,
is important for merozoite egress from hepatocytes. SUB1-de-
ficient hepatic merozoites remained enclosed inside two clearly
discernable membranes, namely the PVM and the HPM, dem-
onstrating that SUB1 is crucial for rupturing at least the PVM.
The egress defect of SUB1-deficient hepatic merozoites was
associated with the absence of merosome formation and the
accumulation of the cysteine-protease PbSERA3 precursor,
known to be maturated in P. berghei hepatic schizonts (26).
PbSERA3 involvement in the PVM rupture was suggested by
the inhibition of PVM degradation in the presence of the cys-
teine inhibitor E64 (9), which correlates with a defect of
PbSERAS3 secretion to the cytoplasm of the schizont-infected
hepatocytes (26). In P. falciparum blood stages, PESERA6, the
P. berghei SERA3 ortholog, is maturated by PfSUB1, which is
thought to activate the PfSERA6 protease involved in the rup-
ture of the erythrocytic schizont PVM (22). Taken together,
these observations and our data show that SUB1 and SERA
form a conserved kit to trigger the egress of Plasmodium mero-
zoites from both erythrocytes and hepatocytes.

In addition, the P. berghei cGMP-dependent protein kinase
(PbPKG) has been shown to play a key role for the egress of
hepatic merozoites (40). Its P. falciparum orthologue (PfPKG)
has recently been shown to participate in an intracellular shift
in calcium concentration that triggers the secretion of the
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TABLE 2

SUB1/Cond hepatic merozoites are unable to establish a blood parasitemia

Groups of 6 —7 mice were infected intravenously by SUB1/Cond or CONT hepatic merozoites. The number of animals in each group that developed a parasitemia is shown.
Asterisks indicate that only the non-excised (NE) Pbsubl locus could be detected by PCR genotyping of genomic DNA prepared from blood stage parasites collected from
these mice. A representative PCR analysis of the four infected mice of Experiment 3 is shown in Fig. 55.

Parasite No. of injected No. of positive mice/no. of Genotype of recovered

Experiment clone merozoites injected mice (blood parasitemia) blood stage parasites
1 SUB1/Cond-5 50,000 3*/6 NE Pbsubl

CONT 4/6 WwWT
2 SUB1/Cond-5 50,000 0/6

CONT 4/6 WwWT
3 SUB1/Cond-5 50,000 4*/7 NE Pbsubl

CONT 717 WwWT

active PfSUB1 from merozoite exonemes into the PV (41, 42). It
is tempting to propose that, together with SUB1/SERA, the par-
asite PKG composes a multipartner-regulated pathway that
plays equivalent roles in Plasmodium egress from hepatocytes
and red blood cells.

There are, however, important differences in the way hepatic
and erythrocytic merozoites egress from their respective host
cells. As already mentioned, the egress of erythrocytic merozo-
ites occurs after the rapidly successive ruptures of the PVM and
the HPM (7, 8), whereas the ruptures of these membranes by
hepatic merozoites are separated in time (10). Therefore,
whereas merozoite egress from both cell types involves com-
mon molecular basis, such as the SUB1/SERA kit, merozoite
egress from hepatocytes requires yet unknown specific factors
to prevent the premature rupture of the HPM and allow mero-
some formation. Even the PVM rupture has a distinct molecu-
lar basis at both stages because, for instance, it is dependent on
and independent of the liver stage-specific protein 1 (LISP1) in
hepatocytes and erythrocytes, respectively (43). Whether a link
exists between SUB1/SERA- and LISP1-mediated steps during
PVM rupture inside hepatocytes remains to be investigated.

The contributions of the various members of the SERA fam-
ily to membrane disruption and whether they function as effec-
tors of the process remain unclear. In P. falciparum, two of the
nine sera genes, Pfsera5 and Pfsera6, cannot be inactivated in
blood stages. In contrast, Pfsera4-null parasites complete the
blood cycle normally, whereas overexpressing Pfsera5 (20, 44).
P. berghei produces five PbSERAs. PbSERAS5, also called ECP1,
is essential for sporozoite egress from the oocyst (45), the par-
asite stage that develops in the mosquito midgut and in which
one zygote transforms into thousands of sporozoites. Interest-
ingly, unlike the erythrocytic or liver stages in the mammalian
host, the oocyst does not reside intracellularly inside a PV but
instead extracellularly, although it is enclosed in a thick wall.
The other four PbSERAs are produced after 50 h in infected
HepG2 cells (26). Gene inactivation experiments showed that
PbSERA1 and PbSERA?2 are dispensable for the parasite life
cycle, including in combination, but mutants increase produc-
tion of PbSERA3 in liver stages, suggesting a mechanism of
biological compensation (25). Therefore, as in erythrocytic
stages of P. falciparum, the SERAs expressed by P. berghei liver
stages might be subject to functional hierarchy and to some
redundancy. In particular, the fact that the SUB1/SERA kit is
involved only in the rupture of the PVM, without affecting the
HPM, suggests that other liver stage-specific protein(s) might
regulate or prevent a SERA-mediated rupture of the hepatocyte
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PM to permit merosome formation. Clearly, although evidence
suggests a role of SERAs in PVM rupture, determination of the
SERAs that are important and their exact functions awaits fur-
ther exploration. It also remains unknown whether SUB1 might
process other factors involved in parasite egress.

Little is known about hepatic merozoites, which critically
bridge the parasite pre-erythrocytic phase to the erythrocytic
cycle. Our data indicate that SUB1-deficient hepatic merozo-
ites, when mechanically released from hepatocytes, fail to
mature MSP1 and are unable to establish a blood stage infec-
tion. In P. falciparum, PIMSP1 interacts with other MSPs,
PfMSP6 and -7, forming a complex on the merozoite surface
(46 —48). PfSUB1 matures the three components of this com-
plex (21), which remains associated at the surface of the
merozoite and is critical for merozoite invasion, probably via
a merozoite-erythrocyte attachment step, prior to parasite
reorientation and internalization inside the host cell (23, 49,
50). More work is needed to unravel the complex basis of mero-
zoite attachment to the erythrocyte and protein maturation
events involved in the process.

This work establishes that SUBI, in addition to its pivotal
role in the erythrocytic stage, is also involved in the pre-eryth-
rocytic phase of the malaria parasite life cycle. This suggests
that anti-SUB1 compounds should have both prophylactic and
therapeutic properties. SUB1 might play additional roles at
other steps of the parasite life cycle (e.g. during the egress of
gametes, which are also located inside a PV inside erythrocytes).
SUBLI thus emerges as a promising multistage drug target, the
inhibitor of which could avoid the establishment of Plasmodium
blood parasitemia, therefore preventing the occurrence of symp-
toms of malaria.
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